Detailed observations of turbulence just above and below the crown of the Amazon rain forest during the wet season are presented. The forest canopy is shown to remove high-frequency turbulent fluctuations while passing lower frequencies. Filter characteristics of turbulent transfer into the Amazon rain forest canopy are quantified. In spite of the ubiquitous presence of clouds and frequent rain during this season, the average horizontal wind speed spectrum and the relationship between the horizontal wind speed and its standard deviation are well described by dry convective boundary layer similarity hypotheses originally found to apply in flat terrain. Diurnal changes in the sign of the vertical velocity skewness observed above and inside the canopy are shown to be plausibly explained by considering the skewness budget. Simple empirical formulas that relate observed turbulent heat fluxes to horizontal wind speed and variance are presented. Changes in the amount of turbulent coupling between the forest and the boundary layer associated with deep convective clouds are presented in three case studies. Even small raining clouds are capable of evacuating the canopy of substances normally trapped by persistent static stability near the forest floor. Recovery from these events can take more than an hour, even during midday. , 1988] , we studied the properties of the surface layer just above the Amazon forest canopy. In this paper we emphasize coupling between this layer and the midcanopy level, with the aim to understand mechanisms of the turbulent exchange of heat, momentum, and moisture and to relate these mechanisms to transports of trace gases into or out of the canopy. Since fluxes of the thermodynamic quantities are largest during the day and because of fundamental differences in the static stability regimes within and just above the canopy, we discuss the daytime situation in this paper, deferring the nocturnal case to a companion paper [Fitzjarrald and Moore, this issue]. The weak daytime stable layer near the forest top is thin, bounded below by a more stable layer and above by the convective surface layer, and fragile, being punctured at intervals by penetrating gusts we associate with cloud outflows. The nocturnal stable layer in the canopy is a downward extension of the stable boundary layer that reaches above 300 m [Martin et al., 1988].
INTRODUCTION
Much of the concern in forest-atmosphere interaction to date has been in determining the heat, moisture, and momentum budgets over forests [Hutchinson and Hicks, 1985] . The desire among atmospheric chemists to determine natural sources and sinks of radiatively active trace gases in forests has increased interest in understanding the mechanisms of mass transport between the canopy and the atmosphere. Although transports of the trace gases are often inferred by analogy with those of heat and momentum, for example, these sources and sinks are concentrated in the upper canopy, while sources deeper in the forest may also be important to trace gases. Only a small number of observational studies of the turbulent properties of the canopy and above-canopy layers in forest environments anywhere have been published, and few of these have been conducted in the large tropical rain forests.
The structure of the Amazon rain forest is such that little (1-3%) of incident solar radiation reaches the forest floor [Shuttleworth et al., 1984b] . Because in rain forests there is a dense canopy cover formed by the tallest trees, much of the shortwave radiation is absorbed and longwave radiation emitted to the atmosphere in the upper 20% of the canopy. Thus the heat budget during the daytime refers mainly to processes occurring near canopy top. The presence of leaves in the same layer also means that the moisture flux is concentrated there, though it is possible that momentum flux In earlier work during the Amazon dry season , we studied the properties of the surface layer just above the Amazon forest canopy. In this paper we emphasize coupling between this layer and the midcanopy level, with the aim to understand mechanisms of the turbulent exchange of heat, momentum, and moisture and to relate these mechanisms to transports of trace gases into or out of the canopy. Since fluxes of the thermodynamic quantities are largest during the day and because of fundamental differences in the static stability regimes within and just above the canopy, we discuss the daytime situation in this paper, deferring the nocturnal case to a companion paper [Fitzjarrald and Moore, this issue]. The weak daytime stable layer near the forest top is thin, bounded below by a more stable layer and above by the convective surface layer, and fragile, being punctured at intervals by penetrating gusts we associate with cloud outflows. The nocturnal stable layer in the canopy is a downward extension of the stable boundary layer that reaches above 300 m [Martin et al., 1988] .
Though perfect knowledge of the bulk properties of forests (roughness and displacement lengths, transport resistances) in principle allows one to estimate the response of the forest to given forcing, it is arguably just as important to gather information on what this forcing is, especially when one is dealing with the data-sparse Amazon forest region during such a chaotic period as the wet season. The distinction between forcing and response is only a useful prototype, and one expects it to be most applicable when one considers processes such as storm outflows or convective boundary layer eddies whose scale is larger relative to that of the forest itself. At the scale of shear-dominated turbulence just above the canopy, the prototype does not work as well. Recent work [Hunt et al., 1988; Kaimal, 1978] shows that large-and small-scale turbulence in the surface layer may be described as statistically nearly independent distributions. In this paper we aim to describe the atmospheric forcing and then consider the forest "responses," among them the fluxes at canopy top and motions within the canopy that results from the winds above.
In section 2 we present the experimental design for micrometerological measurements in ABLE 2B and discuss the site, instrumentation, data analysis techniques, and available data. In section 3 we present (1) diurnal variation of horizontal wind fluctuations related to larger synoptic-scale variations and a comparison of horizontal wind speed spectra in raining convection over the Amazon with those seen in the dry convective boundary layer, (2) characteristic length and time scales observed in the canopy, and (3) the use of vertical velocity skewness and its budget to highlight the differences between the canopy and plane surface layers. In section 4 we focus on the vertical coupling of the layer just above the canopy and that just below the crown. Turbulent fluctuations inside the canopy are considered as filtered versions of fluctuations above. In section 5 we address the response of the forest to cloud convective downdrafts using three case studies as illustrations. The aim is to relate radar echo passage near the tower to gusts observed at canopy top. Then these gusts are related to the degree and depth of subsequent mixing into the canopy. In section 6 we identify relationships between directly measured turbulent fluxes and simpler, more readily available measurements. Conclusions and suggestions for future work are in section 7.
EXPERIMENTAL DESIGN AND EXECUTION
Our selection and deployment of instrumentation were guided by a desire to document transient mixing episodes associated with raining convection and to study the statistical properties of the vertical coupling between the atmosphere just above the forest and the air below the canopy crown. Thus our focus included processes that occur on the order of seconds to minutes, and it was necessary to record data at more frequent intervals than in previous field campaigns. The primary observations presented here were made at the 45-m micrometeorological tower at the Ducke Forest Reserve (2ø57'S, 59ø57'W). Shuttleworth Table 1 . Directly measured eddy correlation fluxes were found for 20-min averages using sets of rapid-response turbulence instruments, identical to those discussed by Fitzjarrald et al. [1988] . These were installed at 45 m (level 1), 39 m (level 2), and 23 m (level 3) (see Table 1 ). Each set of instruments consisted of a Campbell Scientific vertical sonic anemometer with fine-wire thermocouple and a Campbell Scientific krypton hygrometer. Instrument response characteristics and appropriate references were given by Fitzjarrald et al. [1988] . At the 45-m level a Gill propeller-vane anemometer was operated. Data acquisition was done using the Campbell Scientific Datalogger, to calculate and record moments, fluxes, and average quantities. The Datalogger sampled each sensor at 2-s intervals. Raw data from 13 fast channels were also recorded at 10 Hz onto the hard disk of a PDP 11/73. These data were backed up twice daily to floppy disks. The 13 signals included w, T, and q at three levels, wind speed and direction from the Gill anemometer, and two signals from the Harvard group, from their fast-response ozone and An average daytime total wind speed spectrum was found using the 1-min averaged wind data from each of the PAM stations for 12 days (Figure 3 ). Taylor's hypothesis was used to convert from frequency to wave number, though we recognize that this may produce some distortion at the lowest wave numbers. Except for transient periods near local clouds, the wind direction usually did not change significantly during the day, and we have used the total wind speed in this calculation rather than the component along the mean wind. Similar spectra were obtained using the data from the other three PAM stations. A typical example of the high wave number end of the spectrum, based on data from the Gill anemometer at the micrometeorological tower at Ducke for a single afternoon, shows the expected inertial subrange law above wave numbers of approximately 0.01 m -1 . Although the high and low wave number spectra were obtained by different instruments, for the most part they match reasonably well in the region of overlap. At lower wave numbers, we find the u spectrum to be broader than the w spectrum, a result similar to that found in the Minnesota and Kansas experiments [Kaimal, 1978] hereinafter referred to as submitted manuscript) found the scale obtained from the spectral maximum to be approximately 10 times the integral scale, and we find similar results for above-canopy data. However, there are additional reservations about the use of integral scales in forest canopies, which we point out in the next section.
In Table 2 , one sees that the integral times scales vary little with time of day or among days. No significant difference exists between rrw• and rrw2, the vertical velocity standard deviations at the levels 1 and 2 above the canopy, and these are about twice that seen below the crown. There is a difference between ,•, at the two levels above the canopy, in contrast to our earlier [Fitz, jarrald et al., 1988] assertion, and here it is a consequence of applying Taylor's hypothesis to change from frequency to wave number in the presence of appreciable wind shear. (The w power spectra plotted against frequency at the two above-canopy levels are not appreciably different.) It is interesting to note that the buoyancy period in the stable layer (l/N1 in 
Vertical Velocity Skewness
There are observed differences between the canopy and plane convective surface layers related to the vertical velocity skewness. What are the differences between the daytime surface layer above the Amazon and that seen in Kansas (a classic example of a plane convective surface layer)? In the absence of nearby deep convective cloud activity in the daytime, Martin et al. [1988] observed that a well-mixed CBL, similar to that seen over flat terrain [Stull, 1988] , develops over the Amazon during the dry season and the same mixed layer structure was also observed during the wet season. We demonstrated above that, on average, horizontal velocity spectra at canopy top behave as they do over flat terrain. However, the canopy surface layer does exhibit significantly different properties from the convective plane surface layer, due in large measure to the enhanced importance of turbulent transports of eddy fluxes and variances [Raupach and Thom, 1981 The fact that the vertical velocity integral scale is larger within the canopy than above (Table 2) (Figure 9) . During the afternoon, the radar was operating, and we can clearly identify the echoes that produced the outflow gusts (Figure 10, left) . It appears that the echo must pass rather close to the tower for the cloud's wake effects to basing trace gas transport on simple analogy with heat or moisture transport. As cases 1 and 3 illustrate, even relatively small isolated raining clouds are sufficient to lead to transient periods of deep mixing and nearly neutral conditions. It is also important to observe and take into account the source and sink levels for the quantity considered. Perhaps these data may indicate first steps toward developing a model for forest-atmosphere interaction that takes into account the importance of isolated extreme events.
EMPIRICAL RELATIONSHIPS
To quantify horizontal gradients of flux and turbulent quantities over the Amazon, there will be a continuing need for long time series of observations at a large number of sites. However, very few towers such as that used in this work are available, and it is a continual battle to keep sophisticated instrumentation operating in the rain forest. One would like to extend the applicability of the measurements made during the short field experiment reported on here to apply to a wider area and over a longer time period. There is also continual interest among modelers in simple surface parameterizations of heat and momentum fluxes. These two interests are similar, but not identical. In the former situation, one seeks surrogate measurements, made with robust, inexpensive instruments that can operate with minimal oversight for extended periods. These measurements, such as the horizontal wind speed and its variance and solar radiation, are frequently available at climatological stations. Most large-scale models, however, do not compute variances. For such models, one seeks flux-gradient relationships to connect mean fields with the bottom boundary condition. It is clear from Figure 2 that the diurnal pulses seen most clearly in rr u and S, but also apparent in the mean wind U, should lead to some kind of proportional relationships with sensible heat or momentum fluxes, which also vary in like manner. Stormwind [1987] showed that the range of static stabilities encountered during the daytime at Ducke 5. Diurnal changes in the sign of the vertical velocity skewness observed above and inside the canopy can plausibly be explained by elements of the skewness budget, and the buoyant production term appears to play an important role.
6. Even small raining clouds can evacuate the canopy of accumulated trace gases. Recovery can take up to 1 hour, even during midday, but if storm passage occurs late in the day, a period of canopy layer static stability caused by the outflow persists into the evening transition, producing an effective "early nightfall." Deep mixing events in the Amazon appear always to be related to storm outflows. Although these events are infrequent (one to four times per day), they are potentially capable of removing gases that accumulate at the forest floor.
7. To understand details of turbulent processes in the Amazon forest canopy, it is absolutely necessary to consider the fact that the canopy is stably stratified in the mean. On undisturbed days, repeatable sequences of environments occur, and perhaps it is more instructive to look at temporal sequences of structure, to understand processes, than to categorize turbulent fluxes using stability indices. More generally, the results presented here suggest to us that expanding the concept of the "forest filter" to include quantitatively the relation between the biomass density profile and the filter transfer function would be a fruitful area of continuing research. There is a need to relate vertical velocity skewness values and gradients to the height at which the forest appears to the atmosphere above as identical to the familiar plane convective surface layer. This may be an area in which careful modeling efforts would be useful. The difficulties we found in relating the integral scales to the scales of the predominant eddies just above the canopy point out the limitations of traditional spectral analysi•s. Recently, Mahrt [1989] presented idealized time series to illustrate his contention that, in prototypically convective conditions, edges between larger structures can contribute to highfrequency variance in a manner that has little to do with the traditional inertial subrange energy cascade. In future work, it would be prudent to consider Mahrt's suggestions on the use of different structure functions in place of exclusive reliance on spectra. 
